Cells from the mesenchymal lineage in the dental area, including but not limited to PDL fibroblasts, osteoblasts, and dental stem cells, are exposed to mechanical stress in physiological (e.g., chewing) and nonphysiological/therapeutic (e.g., orthodontic tooth movement) situations. Close and complex interaction of these different cell types results in the physiological and nonphysiological adaptation of these tissues to mechanical stress. Currently, different in vitro loading models are used to investigate the effect of different types of mechanical loading on the stress adaptation of these cell types. We performed a systematic review according to the PRISMA guidelines to identify all studies in the field of dentistry with focus on mechanobiology using in vitro loading models applying uniaxial static compressive force. Only studies reporting on cells from the mesenchymal lineage were considered for inclusion. The results are summarized regarding gene expression in relation to force duration and magnitude, and the most significant signaling pathways they take part in are identified using protein-protein interaction networks.
Introduction
The aim of orthodontics is to move an abnormally positioned tooth through the application of a continuous force on its surface. This force stimulates bone remodelling in the surrounding tissue, namely, the periodontal ligament (PDL) and the alveolar bone, resulting in the bone removal in the direction of the tooth movement and bone apposition in the opposite direction ( Figure 1) . Thus, the underlying mechanism of orthodontic tooth movement (OTM) is the stimulation of bone remodelling by the application of an orthodontic force [1] .
Histologically, the effects of orthodontic force on the tooth and its surrounding tissues are now well understood and the underlying stages in OTM are identified [2] . Human periodontal ligament cells (hPDLCs) and human osteoblasts (hOBs) are recognized as the cell types originating from the mesenchymal lineage, which play the most dominant role during OTM. Unlike hOBs, which represent well a characterized cell type, hPDLCs represent a mixed population of mostly fibroblast-like cells [3] . Among them, mesenchymal stem cells are of special importance as the source of progenitors responsible for the regeneration and remodulation of not only PDL itself but also alveolar bone [4] .
In order to better understand morphological changes during OTM, it is important to elucidate molecular and cellular signaling mechanisms between and within these cell types. The complex in vivo structure of the tissues involved makes it impossible to investigate force sensing and cellular communication of individual cells. Therefore, in vitro models using cells isolated from the PDL or from alveolar bone were established and different types of forces mimicking those found during OTM were applied [5] . These in vitro models are used to answer open questions including but not limited to how cells sense force, how they convert mechanical stress into molecular signals, and how these molecular signals influence the specific response of these cells to that specific force.
On the basis of the most commonly used approaches to apply mechanical stress on cells, present in vitro loading models can be classified into those using substrate deformation-based approaches, hydrostatic pressure approach, centrifugation approach, fluid flow approach, vibration approach, and weight approach [6] . Also, there has been increasing interest in moving from conventional monolayer, two-dimensional (2D) in vitro loading models to three-dimensional (3D) in vitro loading models.
Weight-based in vitro loading models have been successfully used over several years to investigate the effect of static, compressive, unidirectional force on the cells. In models using 2D cell cultures, cells are precultured in cell culture dishes (e.g., 6-well plates). After reaching the desired confluency, the cells are subjected to weight-based compression. In most cases, a glass slide is laid on top of the cell monolayer. Then, a weight is applied by positioning a glass cylinder filled with lead granules on top of this slide. The glass slide is used to secure even distribution of the force [7] . Increasing or reducing the number of granules in the glass cylinder adjusts the level of compressive force (Figure 2(a) ). The same type of force is applied by slight modifications of this model: some authors used a stack of glass slides of different heights (e.g., [8] ) or glass discs of different thicknesses (e.g., [9] ) replacing the glass cylinder filled with lead granules. This in vitro loading model can also be used to apply static compressive force on 3D cell cultures. In this case, the same principle is used, except that the cells are embedded in a 3D matrix that is then compressed in the described manner (Figure 2(b) ). Yang et al. [6] coined the term "weight approach"-based (WAB) for this in vitro model. To refer to this specific setup, we will also use WAB throughout this publication.
The primary aim of this review was to identify all articles related to the field of orthodontics using either a 2D or 3D WAB in vitro loading model and provide an overview of the details of their use: the most commonly used loading durations, force magnitudes, and scaffolds and their findings regarding gene expression and substance secretion in relation to force application. The secondary objective was to discover most commonly examined genes and to identify important pathways in OTM that most of the identified genes from these studies are involved in, focusing especially on hPDLCs.
Materials and Methods
To conduct this review, the "Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols" (PRISMA-P) 2015 statement was consulted [10] . (iv) Only studies written in English language, identified on the PubMed database until 01.12.2017, were taken into consideration 2.2. Literature Search and Study Selection Process. Separate search strategies were created for studies using either the 2D or the 3D in vitro setup for mechanical cell loading (Supplement 1). Searches were performed in the PubMed database following these predefined search strategies. After identification of relevant studies in the PubMed database, the downloaded records from each search were imported into the bibliographic software EndNote X8 (Clarivate Analytics, Philadelphia, Pennsylvania, USA). All records were examined by two reviewers independently (MJ and UB), according to predefined inclusion and exclusion criteria (see above): first by title, then by abstract. If the abstract was not available, the full text of the report was obtained. Records that were obviously irrelevant were excluded, and the full texts of all remaining records were acquired. After the full-text assessment, the final list of included articles was generated. Any disagreements during this process were dissolved through discussion with another review author (DD) until reaching a consensus. The articles that did not meet all inclusion criteria after full-text assessment were excluded from further examination. Additional relevant studies were further identified through forward and backward reference chaining and hand-search of specific journals. Study quality assessment of the included studies was not performed, since the goal of this article was to provide an overview of all findings in the field only.
Data Extraction.
The following information was extracted from each study obtained in full length: author, journal, year of publication, and used cell type. Force magnitude and duration, examined genes or substances, gene expression, or substance secretion details were recorded only if their response was directly connected to mechanical force stimulus. Gene symbols were used in the tables whenever possible. In case the identity or variant of a gene was doubtful or not clear primer sequences were examined using Primer-BLAST (URL: https://www.ncbi.nlm.nih.gov/tools/primerblast/) [11] . If Western blot, ELISA, or inhibition experiments were reported, we tried to verify the antibodies and/or inhibitor specificity to determine the exact protein species (variant). Additionally, the method used for evaluation of the gene/substance expression was recorded. Data regarding the used scaffolds were collected for studies applying 3D WAB in vitro setups.
The following tables were prepared to summarize the findings: (1) studies applying the 2D WAB in vitro loading model on human primary cells from the orofacial region (i.e., hPDLCs, hOBs, and human oral bone marrow cells), (2) studies applying the 2D WAB in vitro loading model on human and nonhuman cells and cell lines not included in the first table, and (3) studies applying the 3D WAB in vitro loading model on human and nonhuman cells and cell lines.
STRING Analysis.
The examined genes and metabolites using the 2D approach were summarized in two separate lists: one for hPDLFs and one for hOBs and other human bone-derived cell lines. Protein-protein interaction (PPI) networks were generated for both lists separately using the STRING database (10.5, URL: https://string-db.org/) [12] . From within STRING, the KEGG database [13] was queried to identify the main pathways involved. Only pathways with a false discovery rate below 1.00E−05 were considered. Figure 3 summarises the results of both 2D and 3D searches using a flow chart according to PRISMA. Separate searches were conducted for the studies applying either the 2D or 3D (Supplement 1) WAB in vitro loading models.
Results

Study Selection Process.
The search formula applied to identify 2D WAB in vitro loading studies is shown in Supplement 1. Altogether, 2284 abstracts were identified in the PubMed database ( Figure 3) . Additionally, 7 articles were identified through forward and backward reference chaining and hand-search of specific journals. After reading the titles and abstracts of all identified studies, we excluded 2184. The remaining 107 articles were then checked by full-text reading. Fifty-six of them meet our inclusion criteria and were included for further analysis. The remaining did not meet the inclusion criteria. Reasons for their exclusion are listed in Supplement 1. The search formula applied to identify 3D WAB in vitro loading studies is shown in Supplement 1. We identified a total of 1038 articles in PubMed (Figure 3 ). Additional 4 articles were discovered through forward and backward reference chaining and hand-search of specific journals. After initial screening, we excluded 992 articles and proceeded with full-text reading of the 50 articles. Finally, 17 of them meet our inclusion criteria. The remaining articles were excluded from further analysis. Reasons for their exclusion are summarized in Supplement 1.
All studies fulfilling the inclusion criteria were organised into three different supplementary tables: Supplement 2 summarises 2D WAB in vitro loading studies using human primary cells from the orofacial region. In Supplement 3, the two-dimensional WAB in vitro loading studies using human nonorofacial-derived cells and animal cells and cell lines are found. Supplement 4 summarises the 3D WAB in vitro loading studies.
Force Durations and Force Magnitudes Used in the Studies
3.2.1. 2D WAB In Vitro Loading Model. In these studies, compression forces ranging from 0.25 g/cm 2 to 5 g/cm 2 were applied on cells in 2D culture. The most commonly used compressive force was 2 g/cm 2 , irrespectively which cell type was used in the study. In most of the studies, the force was applied for 24 h (Supplements 2 and 3).
3D WAB In Vitro Loading Model. Force duration and magnitude depended on the scaffold used (Supplement 4).
In most of the studies, scaffolds made from collagen gel and the polylactic-co-glycolic acid (PLGA) were applied. One of the studies [14] used a hydrophilically modified poly-Llactide (PLLA) matrix. Collagen gel scaffolds were used with force magnitudes varying between 0.5 g/cm 2 and 9.5 g/cm 2 ; the most commonly used force was 6 g/cm 2 . Force was applied for 0.5 to 72 h. Most commonly used force application periods were 12 and 24 h. Force levels between 5 and 35 g/cm 2 were applied to cells embedded in PLGA scaffolds. The most commonly applied force was 25 g/cm 2 . The duration of force application was from 3 to 72 h. The study using the hydrophilically modulated PLLA matrix [14] applied force magnitudes from 5 to 35 g/cm 2 . The duration of force application varied between one day and 14 days. Taken together, the most commonly used cells were hPDLCs. They were used in total 51 studies (2D: 38; 3D: 13) (Supplements 2 and 4). According to the isolation Records identified through PubMed database searching n = 2284
Additional articles identified through forward and backward reference chaining and hand-search of specific journals n = 7
Records screened n = 2291
Records screened n = 1042
Records excluded n = 2184
Full-text articles assessed for eligibility n = 107
Full-text articles excluded with reasons n = 51 method applied, we distinguished between the following sources: "explant method" [15, 16] (2D: 18; 3D: 4), "enzyme digestion method" [4] (2D: 9; 3D: 6), commercial sources (2D: 3; 3D: 1), or "no detailed information of isolation available" (2D: 8; 3D: 2).
Genes and Substances Examined in the Studies.
A complete overview of genes and metabolites examined in 2D and 3D WAB studies and details of their expression can be found in Supplements 2 and 3 (2D) and Supplement 4 (3D). In this review, special attention was paid to hPDLCs as the most examined cell type among studies and their prominent role in OTM. The most examined genes and metabolites in relation to hPDLCs were TNF superfamily member 11 (TNFSF11), TNF receptor superfamily member 11B (TNFRSF11B), prostaglandin-endoperoxide synthase 2 (PTGS2), and prostaglandin E 2 (PGE 2 ). In Table 1 , details regarding their expression/secretion, including the information at which time points or force magnitudes the highest/ lowest value was reached, is summarized.
3.5. STRING Analysis and KEGG Pathways 3.5.1. Construction of Protein-Protein Interaction (PPI) Network. In order to elucidate the molecular mechanisms of OTM and the role of the hPDLCs and bone cells in this process, we used STRING to construct PPI networks. Two separate gene lists were compiled from those studies using hPDLCs ("hPDLC list"; data from Supplement 3) and from those using hOBs or human bone-cells and cell lines ("hOB list"; data from Supplements 2 and 3). The hPDLC list contained 48 different genes (Figure 4(a) ) and the hOB list 51 different genes (Figure 4(b) ).
Two separate PPI networks were obtained, based on the interactions with a high level of confidence (>0.700) (Figure 4) . Nodes in the networks represent the proteins produced by a single protein-coding gene locus; edges represent protein-protein interaction. Based on the colour of the edge, eight different interactions based on "gene neighbourhood," "gene fusion," "cooccurrence," "coexpression," "experiments," "databases," and "text mining" can be differentiated [12] . The top 10 nodes with the highest degree of connections from each of the two gene lists are also shown in Figure 4 . PPI enrichment p values for each constructed network were calculated in STRING. These show that both PPI networks had significantly more interactions than expected and that the nodes are not random (PP enrichment p value < 1.0E-16).
3.5.2. Identification of KEGG Pathways. According to our STRING analysis, KEGG pathways relevant for OTM for each set of genes are listed in Table 2 .
Discussion
In vivo bone remodelling during OTM represents a complex biological process, triggered by mechanical stimuli. OTM involves numerous events, spatially and temporary orchestrated and coordinated by different cell types, signaling factors, and networks [1] . Systematic breakdown and analysis of individual components of this complex process is the key for understanding its molecular background and a possible way to accelerate and improve it. Therefore, a variety of in vitro mechanical loading models have been established [5, 6] . The in vitro loading model based on the weight approach has been considered as the most appropriate loading model for the stimulation of the orthodontic force on the compressive site [6] .
4.1. Characteristics of 2D and 3D WAB In Vitro Loading Models 4.1.1. Conventional 2D WAB. In vitro loading model, initially described by Kanai et al. [7] , has been used for more than two decades for studying the compression-induced osteoclastogenesis and is still considered as the gold standard. It represents a simple and effective method for application of static compressive, unidirectional force to a cell monolayer.
The advantages of WAB in vitro loading model are the following:
(i) It reduces the need for animal studies, which are costly and time consuming.
(ii) It enables the analysis of specific cell types independently or in cocultures with other cells of interest.
(iii) Human primary cells can be used for better approximation to clinical situation.
From our point of view, the main disadvantage is its missing impact of the natural surrounding environment. There has been an increasing interest in the development of the 3D cell culture WAB in vitro loading model during the last years, in order to approximate the in vitro situation to the in vivo situation.
3D WAB In Vitro Loading
Model. During the last years, more studies have been using cells incorporated into biological scaffolds instead of monolayer cultures. This is due to the demand of mimicking an extracellular matrix, which is beneficial for cell behaviour, instead of growing cells on artificial plastic cell culture surface [46] . According to our data, three types of scaffolds have been used so far in combination with the 3D WAB in vitro loading model. The first identified studies used collagen I scaffolds [26, 47, 48] . Although the collagen gels are still widely used for this purpose, there is the increasing interest in the development of scaffolds composed of synthetic polymers. In 2011, Li et al. [33] introduced the PLGA scaffolds that had a higher stiffness in comparison to collagen gels and an elastic modulus very close to that of human PDL. The only disadvantage was that cells growing in PLGA displayed a disordered grow pattern that differs from the one in natural PDL [33] . Liao et al. [14] went one step further and introduced a hydrophilically modified PLLA matrix. This matrix displayed several advantages: higher nutrient and oxygen permeability and a better cell attachment, making it more suitable for long-term force application [14] .
Force
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In 2D cell culture WAB in vitro loading models, applied forces varied between 0.2 and 5.0 g/cm 2 . Our data suggest that 2.0 g/cm 2 was the most commonly used force magnitude in the studies so far. According to Kanzaki et al. [20] , this force magnitude proved to induce the best cellular response. Few studies reported a decrease in cell viability in a forcedependent manner, especially with the application of 4 g/cm 2 force [20, 37, 50, 51] .
In studies applying the 3D WAB in vitro loading models, the force magnitude used was chosen depending on the stiffness of the scaffold. Studies using collagen gel scaffolds most commonly applied 6 g/cm 2 force onto their in vitro models. According to Araujo et al. [47] , this force was corresponding to the therapeutic orthodontic force, giving the best cellular response. For PLGA scaffolds, the force magnitude showing the best performance was 25 g/cm 2 (range: 5-35 g/cm 2 ). The same range of forces were applied in the study of Liao et al. [14] using a hydrophilically modified PLLA scaffold matrix. This range also corresponds to the one used in clinical settings, which indicates that these scaffolds are closest to the mechanical properties of in vivo PDL [14, 33] . This qualifies them also as a suitable model for investigation of light and 
heavy forces, which are considered as a cause of orthodontic treatment failure.
Duration of the Force Application.
The length of the force application in the studies rarely exceeded 72 h. In most of the cases, force was applied up to 24 and 48 h. Considering the fact that the first 10 days are of crucial importance for OTM ([52] , p. 303), the duration of force application in most of the conducted studies is insufficient to fully understand the molecular background of OTM. Additionally, we would like to point out that only a few studies observed cell viability during the experiment. Most of them confirmed a reduction of cell viability, not only due to the force level but also depending on time [19, 50, 51] . We assume that one of the limitations, especially in the 2D WAB in vitro models, is compromised nutrient and oxygen supply in the pressure area. To overcome especially the time limitation of previous models, Liao et al. [14] introduced the hydrophilically modified PLLA matrix as a new scaffold for 3D cultures. They have shown that this scaffold can be used for up to 14 days without affecting cell viability, claiming that it provides good perfusion of the nutrients and oxygen over longer periods of time [14] . Establishing an in vitro model suitable for long-term force application (up to or more than 10 days) is beneficial for progress in this research field.
Role of PDL and hPDLCs in OTM.
Due to lack of PDL, ankylosed teeth and implants cannot undergo OTM, which depict best PDL's key role in transmitting the mechanical stimulus and initiating the process of bone remodelling [1, 53] . Beside its mechanotransduction properties, it also contributes to tissue homoeostasis and repair, mostly due to the presence of mesenchymal stem cells which are an important part in the normal hPDLC population [4] . This portion of hPDLCs is known to be present in a higher extent in hPDLCs isolated with the "enzyme digestion method" [54] , commonly used among the studies in this review, especially in the 3D group.
Most Examined Genes in the Studies That Used hPDLCs.
To explain the contribution of hPDLCs in OTM on the molecular level, we summarised all data regarding the most commonly examined genes and substances in this cell type (Table 1) . These were TNFSF11, PTGS2, and PGE 2 , known as osteoclastogenesis inducers, and TNFRSF11B, known as an osteoclastogenesis inhibitor.
TNFSF11 (also known as "RANKL") [55] plays a crucial role in bone resorption on the compression side during OTM, inducing the osteoclast formation. TNFSF11 showed an increased gene expression in all studies that used the 2D WAB in vitro loading model (Table 1 ). In most of the studies using this model, TNFSF11 gene expression, as well as protein secretion, was positively correlated with both force duration and magnitude reaching the maximum expression level after 12-24 hours of force application. Studies using the 3D WAB in vitro loading model also reported an increase in the TNFSF11 secretion, most of them after 6 hours of force application (Table 1 ). In cells grown in PLGA scaffolds, a positive correlation between force magnitude and gene expression but a negative correlation between force duration and gene expression was noticed.
TNFRSF11B, also referred to as osteoprotegerin (OPG), is TNFSF11's antagonist that inhibits osteoclastogenesis [55] . Most of the studies applying the 2D WAB in vitro loading model reported no observed change in gene expression (n = 8), with exception of two studies that reported downregulation [40] or transitory downregulation [8] (Table 1) . Considering protein secretion, results were contradictory. Most studies, however, reported a decrease in protein secretion or did not report any change. Results from studies using 3D WAB in vitro loading were also contrary, depending on the scaffold used. In a study using collagen gel scaffolds, an increase in TNFRSF11B gene expression was observed [26] . In all studies applying PLGA scaffolds, a decrease in TNFRSF11B secretion was positively correlated with force magnitude and negatively correlated with force duration [27, 28, 31, 33, 43] . With one exception [28] , a comparison of TNFSF11 and TNFRSF11B gene expression in the aforementioned studies showed that a rapid down/regulation of TNFRSF11B appears parallel to a rapid upregulation of TNFSF11 in 3D WAB in vitro loading. Since both genes represent antagonists in bone turnover regulation, this was explained as a good representation of the cyclic changes in the bone metabolism on the compression side during OTM [31, 33] . It was also suggested that downregulation of TNFSF11 in later stages might have something to do with other inducers for prolonged osteoclastogenesis promotion [33] .
Gene expression of PTGS2 was increased upon force application in both 2D and 3D studies. In most of the 2D WAB studies, PTGS2 showed a positive correlation between the duration of the experiment and gene expression (Table 1) . In those studies, using the 3D WAB in vitro loading model, PTGS2 seemed to be negatively correlated with force duration and positively correlated with force magnitude. On the other hand, PTGS2 protein quantity was shown to be in positive correlation with both duration and force magnitude using Western blotting (Table 1) . Since PTGS2 is involved in prostaglandin E 2 metabolism, an upregulation of PTGS2 gene expression (maximum at 24 to 48 h after force application) is correlated with an upregulation of PGE 2 secretion (maximum at 48 h after force application) in all studies (Table 1) .
Taken together, there seems to be some inconsistency between studies using the 2D and the 3D WAB in vitro loading model. The results within the 2D WAB group of studies are quite similar and comparable. However, a noticeable higher heterogeneity among those studies using the 3D WAB in vitro loading model is recognizable. This heterogeneity can be related to the type of scaffolds used.
4.6. STRING PPI Analysis. We performed STRING PPI analysis for two selected sets of genes ("hPDLC list" and "hOB list"). PPI enrichment p values obtained from both PPI networks (Figure 4 ) had significantly more interactions than expected. This implicates that the genes examined in the studies were not chosen randomly. From our point of view, this is not surprising, since most of the studies were selecting "the genes of interest" for their analysis, all previously known or suspected to be involved in bone metabolism. Just a few of the studies performed microarray analysis in order to identify all genes responding to force application [26, 32, 44, 48] .
In addition, KEGG pathways relevant for OTM, identified for each set of genes in STRING analysis (Table 2) , can be useful source for discovering new genes that might influence OTM.
Conclusions
In summary, the WAB in vitro loading model represents a simple and very efficient way to investigate molecular events during OTM. The purpose of this review was to provide an overview of all used forms of the WAB in vitro loading model (2D and 3D in combination with different scaffolds), present all current findings, and point out at certain questions for their further improvement.
3D WAB in vitro loading models have shown to be promising for use in future research by bringing a more real environment in in vitro setups. However, unlike well-established 2D models that provide comparable results, 3D models show inconsistency in results. Obviously, there is a need for further improvement in order to establish standardised in vitro models that will provide comparable results. Also, there is a need to elucidate molecular events during longer periods of force application. Therefore, the future goal is to establish both 2D and 3D loading models that will allow us to conduct long-term investigations. The study of Liao et al. [14] is a good example for this, and there should be more research in that direction.
